A new embedded ranging system in the ISM band is described. The proposed indoor ranging system combines the advantages of both broadband and narrowband signals to achieve high ranging accuracy in the presence of strong multipath reflections to achieve a good link budget and to be compliant with spectral regulations. The system is based on a WLAN transceiver (with embedded ranging specific circuits) and uses the same frequency band for both communication and ranging purposes so that no separate dedicated ranging transceiver is needed. A prototype has been implemented to evaluate the performance of the proposed technique in a realistic environment. Experimental results show ranging accuracies of less than 20 cm.
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Introduction: Well-established technologies for position determination mostly address outdoor scenarios, e.g. the Global Positioning System (GPS). While these techniques have adequate performance outdoors and when a sufficiently strong line-of-sight signal is available, they suffer from low accuracy in indoor environments. The key reason for this performance degradation is that the received signals consist of multiple superimposed attenuated, delayed and phase rotated copies of this signal [1] . Especially owing to the narrowband nature of the transmitted signals, these copies have a wide span in the time-domain and hence tend to overlap, as shown in Fig. 1 . As a result, copies having travelled several metres more can typically not be separated from the line-of-sight path by the receiver, and it induces errors in the position estimate of the same order of magnitude. To enable accurate position determination in indoor environments, techniques based on received-signal strength (RSS) [2] and propagation-time of signalling [1, 3] have been proposed. RSS systems are based on sophisticated pathloss models for indoor environments. But there is no strong correlation between RSS and distance and its distribution depends on hardware implementations [2] . Reference [3] proposed to measure the propagation delay of WLAN packets, but the achieved accuracy (8 m) is not good enough for most indoor location applications. The propagation time based UWB system provides superior distance estimation accuracy because the transmitted signals feature a very short span in the time-domain and hence provide improved resolution for separating the line-of-sight propagated copy from the reflected copies [1] . However, UWB signalling has serious disadvantages with respect to narrowband communication in terms of the link budget. Because of this, and also the high frequency at which ultra-wideband communication usually takes place, the operational range of such systems tend to be significantly shorter than that of classical narrowband systems. In [4] , technologies combining the advantages of narrowband and wideband signals are proposed. In these systems, a narrowband transceiver is used for low-rate data communication, again typically for discovery purposes, whereas a wideband transceiver is used for ranging. The separate ranging transceiver increases system costs and frequency usage is not efficient because the signalling happens in distinct frequency bands.
In this Letter, an indoor ranging scheme is proposed, combining the advantages of both wideband and narrowband signals, which involves a single radio transceiver (with the addition of a few ranging specific circuits) and a single frequency band for both communication and ranging purposes (patented [5] ). The fundamental idea is that also
the receiver, by processing these wideband transient signals rather than just the narrowband communication signal. A proof-of-concept prototype ranging system (2.4 GHz ISM band) has been developed using commercial off-the-shelf components in order to evaluate the performance of the proposed technique.
Transceiver architecture: Fig. 2 shows the architecture of the WLAN transceiver with embedded ranging. The transceiver is designed for using the existing WLAN infrastructure with minor modifications. While signals with standard channel bandwidth (e.g. 20 MHz) are used for data communication and nodes discovery, ranging signals having a bandwidth encompassing the whole WLAN band (ISM or U-NII band) can be generated for increasing ranging accuracy. In the transmit path, an RF switch has been inserted between the WLAN transmitter and the power amplifier, which are usually two separate chips. In this way, broadband signals with short rise/fall times can be generated. As typical for WLAN receivers, the receiver implements a direct conversion architecture, but the baseband paths need sufficient bandwidth (e.g. 200 MHz) to pass the fast rising edges of the RF ranging signals. When a ranging event occurs, the transmitter ranging engine will generate a ranging pulse with short rise/fall time to the RF switch and save the current ranging event timestamp. The received ranging RF pulse will be converted to baseband by using quadrature mixing. Then sampled I and Q signals are fed into the receiver ranging engine for distance estimation, where the baseband ranging pulse is recovered and the time of arrival (TOA) of the direct path is extracted from the rising edge of the recovered pulse. Experimental results: The output RF waveform and spectrum are shown in Fig. 3 . The output signal spectrum is fully compliant with the WLAN spectral mask (IEEE 802.11 g) as long as the ranging events occur at a reasonable rate, e.g. every 40 ms (corresponding to 25 000 ranging measurements per second). The received signal is shown in Fig. 4 , illustrating the relatively strong multipath reflections in the measurement room. In these experiments, the synchronisation between the ranging transmitter and receiver is realised with a coaxial cable of known delay which transfers a trigger signal from transmitter to receiver. However, in a practical application, the synchronisation of the different nodes is avoided by performing round-trip time (RTT) measurements. Table 1 and the average of measured data is selected as the statistical estimator for real distance. For all cases a very high accuracy with an error of less than 20 cm is achieved and the statistical variation is also very small (3s , 0.5 m). Conclusion: A new embedded ranging system in the ISM band is proposed. The concept does not require a separate dedicated transceiver and is fully compliant with the spectral requirements, even though it uses both broadband and narrowband signals. Experimental results in a multipath environment show that a very high accuracy can be achieved.
